The lamina cribrosa has been postulated from in vitro studies as an early site of damage in glaucoma. Prior in vivo measures of laminar morphology have been confounded by ocular aberrations. In this study the lamina cribrosa was imaged after correcting for ocular aberrations using the adaptive optics scanning laser ophthalmoscope (AOSLO) in normal and glaucomatous eyes of rhesus monkeys. All measured laminar morphological parameters showed increased magnitudes in glaucomatous eyes relative to fellow control eyes, indicating altered structure. The AOSLO provides high-quality images of the lamina cribrosa and may have potential as a tool for early identification of glaucoma.
INTRODUCTION
Glaucoma is described clinically as a multifactorial disease that ultimately leads to the death of retinal ganglion cells (RGCs). RGC axons pass through a sieve-like structure, the lamina cribrosa, in the optic nerve head, forming the optic nerve that conveys visual information to the brain. RGC axonal health is intimately dependent on the normal structure and function of the lamina cribrosa. [1] [2] [3] Previous in vitro and postmortem histological studies on human and monkey glaucomatous eyes have shown early pathological alterations in the lamina cribrosa morphology, connective tissue support structure, and cellular architecture. 1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Changes in the lamina cribrosa morphology have been shown to disrupt ganglion cell axons traversing the structure, causing blockage of axoplasmic flow or even mechanical nipping of the axons. 1, 2, 5, [18] [19] [20] [21] [22] [23] [24] [25] These prior studies of laminar morphology in glaucomatous eyes of humans and macaques with experimental glaucoma have provided important information about the pathophysiology of glaucoma. However, studying laminar morphology in vivo would have an additional benefit of tracking changes over time. Prior in vivo studies of lamina cribrosa in normal and glaucomatous eyes have been conducted using optic disc photography 26 and confocal scanning laser ophthalmoscopy. [27] [28] [29] [30] [31] [32] Bhandari et al. 31 and Fontana et al., 32 in particular, modified the confocal SLO in an effort to better visualize laminar pores. [29] [30] [31] [32] For these studies, they selected subjects whose lamina was visible with biomicroscopy to facilitate imaging, possibly because the presence of ocular aberrations 33 limited the confocality of their SLO. To study the benefits of increased image quality the main aim of our study was to image the lamina cribrosa after correcting ocular aberrations using an adaptive optics confocal scanning laser ophthalmoscope (AOSLO).
In the AOSLO, ocular aberrations 33 are corrected online during retinal imaging by a deformable mirror, thereby improving image quality. The specific instrument has been described in detail elsewhere. 34 The use of adaptive optics to correct ocular aberrations greatly improves resolution, increases throughput or amount of light reaching the detector, and increases contrast by limiting the light in the image to that which comes from the plane of focus. The AOSLO has been used previously for imaging photoreceptors, retinal vasculature, and blood flow velocity in foveal capillaries. [35] [36] [37] [38] Adaptive optics also improves confocal optical sectioning ability by focusing the light from the surface of interest to a smaller spot. The confocal aperture can therefore be smaller in an AOSLO than in a regular confocal SLO, thereby improving optical sectioning. Improved optical sectioning is important in imaging of the lamina cribrosa because the optic nerve head is a complex structure that contains connective tissue, astrocytes, and incoming axons overlying lamina cribrosa.
Rhesus monkeys with experimental glaucoma induced in one eye, leaving the fellow eye as a control, were used as subjects in our study. The monkey model of experimental glaucoma has been used extensively, and previous studies have clearly established its validity and advantages. 5, 8, 9, [16] [17] [18] [19] [20] [21] 24, [39] [40] [41] To our knowledge, this is the first study of high-resolution imaging of the primate optic nerve head using the AOSLO; our aim was to visualize and quantify laminar morphological changes associated with glaucoma.
METHODS
Four adult rhesus monkeys (Macaca mulatta), aged between 5 and 7 years were subjects in this study. All of the experimental and animal care procedures were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Houston, and they adhered to the ARVO statement for Use of Animals in Ophthalmic and Vision Research. Unilateral laserinduced ocular hypertension was the experimental model of glaucoma. [39] [40] [41] [42] The treatment procedures for induction of ocular hypertension have been described in detail elsewhere 42 and will not be presented here. Ocular hypertension was induced in the right eyes of three of the four rhesus monkeys, while both eyes of one monkey remained untreated as a bilateral control for AOSLO imaging. All of these animals were subjects in other studies as well.
All imaging sessions were conducted after anesthetizing the monkey with ketamine ͑20-25 mg kg −1 ,IM͒, xylazine ͑0.8-0.9 mg kg −1 ,IM͒ and atropine sulfate ͑0.04 mg/ kg, SC͒. 43 The anesthetic mixture is effective in minimizing eye movements. 43 The pupils were dilated with 2.5% phenylephrine, 1% tropicamide, and imaging was conducted after maximum dilation was achieved. The monkey was placed in a head holder that was attached to a 5-degree-of-motion (X-Y-Z tip tilt) goniometer stage that allowed for translation of the pupil as well as tip and tilt of the monkey's eye about the pupil center. This allowed us to align the head in order to center and visualize the optic nerve head since eye movements were arrested by anesthesia. 43 The eye to be imaged was held open using a lid speculum; a contact lens, with 1% methyl cellulose in its sag, was placed on the cornea to prevent loss of optical clarity due to corneal dehydration. The wavelength of the scanning laser was 660 nm, and the field of view of the instrument was 2.5 deg (512ϫ 480 pixels) for all the imaging sessions. The laser power at the eye was of the order of 20 W, and the beam diameter was 5.9 mm. The subjects' refractive errors were corrected to the nearest 0.25 diopter (dB) with spherical and cylindrical trial lenses placed at the spectacle plane. Ocular aberrations were measured at the retinal eccentricity of the optic nerve head using the Shack-Hartmann wavefront sensor 33 in the AOSLO. If the optic nerve head had, for example, a large cupping causing weak backscattering of light from the lamina cribrosa, aberrations were measured at a retinal location beside the optic nerve head. Aberrations were corrected using a 37-channel deformable mirror (Xinetics, Inc., Devens, Massachusetts). Correction of the aberrations (adaptive optics compensation) was achieved at a frequency of 5 Hz so that compensation occurred well within 1 s. The same light ͑660 nm͒ was used for both measurement of aberrations and imaging the lamina cribrosa. The adaptive optics compensation provided ϳ2 m lateral resolution and the ability to locate planes in the retina to better than 10 m accuracy (ϳ1/10 of the axial resolution 36 ), but each optical section included 100 m of tissue. Confocal optics in the AOSLO were used to generate en-face axial sections of the optic nerve head from the surface of the optic nerve head to the lamina cribrosa. In this way the best plane to image the lamina cribrosa was identified, and video sequences of the lamina cribrosa were acquired at that plane and stored to a computer disk at a rate of 30 fps to be analyzed off line. Superior, central, and inferior laminar pores were imaged by appropriate alignment of the animal's head. After imaging of the lamina cribrosa of the first eye was completed, the second eye was prepared for imaging in the same fashion. Each imaging session lasted about 3 h for both eyes. The right eye of the monkey in which both eyes were normal was imaged on two different occasions to assess variability in our measurement or analysis. Both eyes of the other three monkeys were imaged once. The images are averaged frames at each axial location, and axial sectioning was performed in an anteriorposterior direction from top left to bottom right frame. In off-line analysis, using a custom-written MATLAB program, first a reference frame was selected from each segment of video. The reference frame was automatically selected as the one with highest average intensity, since relative intensity has been shown to be correlated with image quality. 35 All frames in the sequence were then shifted to find the best cross correlation with the reference. The 15 best-correlated frames (highest correlation coefficient) in the video sequence of the lamina cribrosa were selected, automatically shifted, and averaged to reduce noise in the image. 35 Figure 2 illustrates the benefit of averaging video frames to reduce noise in the image. All further laminar pore analysis was conducted on averaged images. Area and elongation (major axis length/minor axis length) of each pore were measured using a custom written MAT-LAB software. These two parameters have been used in previous studies of the lamina cribrosa to quantify differences between normal and glaucomatous eyes. 32 We also measured nearest-neighbor distance as the distance of the nearest pore from each pore. 44 This parameter would indicate change in the lamina during experimental glaucoma even if pore size or elongation did not change.
Each clearly visible laminar pore was identified, and a polygon was drawn interactively around its edges by an observer [ Fig. 3(a) ]. When all the laminar pores were identified, the resulting image with polygons overlying the pores was binarized so that laminar pores would be white and all other areas of the image would be black [ Fig. 3(b) ]. This image was exported to ImageTool (UTH-SCSA, ver. 3) image analysis software, which measured area and elongation of each pore in the image. Nearestneighbor distance was measured using a custom-written MATLAB program by interactively marking centers of visible laminar pores and calculating the nearest pore to each of the laminar pores [ Fig. 3(c) ]. All clearly demarcated and visible laminar pores were measured in each eye of the four monkeys. Although some pores would be imaged in two different videos during any given imaging session, care was taken not to reanalyze the same pore. Average and standard errors of the mean were calculated for the three measured morphological parameters. Each glaucomatous right and normal left eye was imaged once; averages and standard errors of mean represent data from one imaging session. A-scan ultrasonography was performed in all eyes of all monkeys to measure axial length. Morphological parameters obtained in measures of visual field angle were converted to true retinal size using the method described by Bennett et al. 45 using the measured axial lengths. Standard automated perimetry (SAP) was performed behav- iorally on both eyes of each of the monkeys as part of other experiments conducted on these subjects. A Goldmann size III target was used with white-on-white contrast to estimate the mean deviation or average sensitivity difference from normal across the visual field. Mean deviation was used as a descriptor of the stage of experimental glaucoma in each of the eyes. The procedure has been described in detail elsewhere. [39] [40] [41] 3. RESULTS Figure 4 shows the lamina cribrosa images of two normal eyes. The laminar pores are clearly visible and in focus at this axial location. These images have been averaged to reduce noise as described above (see Fig. 2 ). Before the results are reported for glaucomatous eyes, data will be presented on inter-observer variability and inter-session repeatability to validate the image analysis approach taken in this study. Figure 5 (a) presents an Altman-Bland plot for laminar pore area to assess degree of agreement between two observers. The figure shows difference in area between two observers versus mean of the two measurements from the two observers. The dashed line represents the mean of the differences, and the solid lines are two standard deviations from the mean. The finding that the mean difference was less than zero indicates that observer B, on average, measured larger areas than observer A. However, the difference was not significant compared with the magnitude of laminar pore areas ͑p Ͼ 0.05͒. In addition, there is no apparent trend in the differences between the two observers when greater magnitude of pores was measured. The error bars represent standard errors of mean. There was no statistically significant difference between the two measurements (t-test; p = 0.95), indicating good repeatability in both image acquisition and the analysis. Figure  6 presents data for average area, elongation, and nearestneighbor distance for all four normal left eyes in four monkeys. In each plot, gray bars show the average for the normal left eye of each monkey and black bars show the average of all normal eyes. Although there was variability among the four left eyes, the difference was not statistically significant (ANOVA, p = 0.3). Figure 7 shows examples of the lamina cribrosa of (a) an eye (right) with experimental glaucoma and (b) its fellow control (left). The eye with experimental glaucoma has, on average, larger and more elongated holes, signifying altered laminar morphology. The difference in mean deviation between the two eyes of this monkey according to behavioral SAP was 6.5 dB, which represents a moderate loss of sensitivity across the visual field. Differences in laminar morphology between the two eyes of all four monkeys are plotted in Fig. 8 for (a) average area, (b) elongation, and (c) nearest-neighbor distance. To reiterate, both eyes of monkey ED are normal, the difference in mean deviation between the two eyes of monkey OR is 6.88 dB, of monkey OD is 6.5 dB, and of monkey JA is 27.5 dB. The area of the laminar pores was significantly greater in the three experimental glaucoma eyes than in their respective normal fellow eyes (t-test; p Ͻ 0.05). Elongation was also systematically greater in experimental glaucoma eyes than in their counterparts, but statistical significance was reached only for monkey JA, which had end-stage experimental glaucoma. Similarly, nearestneighbor distance was significantly greater for monkeys OD and JA but not for monkey OR. Elongation and 
DISCUSSION
The AOSLO, a recently proposed imaging technology, 34 provided high-resolution, high-contrast, magnified images of lamina cribrosa in both normal and experimentally induced glaucomatous eyes. Prior in vivo studies of laminar morphological changes had measured differences between glaucomatous stages. 31, 32 . However, the prior studies used a 20 deg field of view and were limited in obtaining higher-magnification and higher-resolution images because of ocular aberrations. In our study, laminar pores were imaged using a 2.5 deg window at a higher magnification, which provided details of the anterior laminar surface. In most eyes, ocular aberrations were corrected without much difficulty at the level of the optic nerve head, but in some cases appropriate correction could not be achieved when the field of view used encompassed different depth planes. In such eyes, aberrations were measured at a retinal location adjacent to the optic nerve head and the same correction was applied to image the lamina cribrosa. AOSLO imaging of the lamina cribrosa developed in this study provides interesting preliminary data and justification for such studies of early structural changes in glaucoma in the future.
Imaging the lamina cribrosa may have important application in glaucoma, as it has been postulated to be the primary site of injury to ganglion cell axons, ultimately leading to death of ganglion cells and blindness. Serial sectioning of the lamina cribrosa is illustrated in Fig. 1 , demonstrating the ability of the AOSLO to optically section from the surface of the optic nerve head down to the lamina cribrosa. Confocal optical sectioning identified for further analysis the focal plane where the lamina cribrosa was at best focus. We presume that at this focal plane we are imaging the anterior laminar surface, because attempts to focus posterior to this surface reveal no new structure. Using the current technology we are unable to section the lamina cribrosa itself to measure pores at different depths.
The 2.5 deg window employed encompassed most of the visible laminar pores at the center of the disc. In addition, we moved the eye to image laminar pores at extreme superior and inferior aspects of the disc to capture all of the visible laminar surface. The averaged images were postprocessed to quantify laminar pores, ensuring that none of the pores was included more than once in the final analysis. Area and elongation of laminar pores were described in a previous study as differentiating between mild and severe glaucomatous stages. 32 In addition, we chose to measure nearest-neighbor distance, which has been used previously as a measure of randomness in a measurement sample. 44 Nearest-neighbor distance may be an effective identifier of change in laminar morphology when lamina cribrosa is affected, for example, by shear stress causing distortion of laminar surface. [4] [5] [6] [7] [14] [15] [16] [17] In effect, we sought to provide analysis parameters that would detect the earliest alterations in laminar morphology.
Automated image analysis methodology was attempted as suggested in prior studies 31 to quantify the laminar morphology. However, applying similar analyses to our images failed to capture the details of the lamina visible to the observer because of the intensity variability within each image and between images. During each imaging session our aim was to obtain the best possible images of the lamina notwithstanding standardization of input luminance levels. Hence, even within the same eyes imaged on different dates, average intensity levels varied, and therefore interactive identification of laminar pores was always more reliable than automatic computerized image analysis to identify and measure area, elongation, and nearest-neighbor distance. This approach was validated by insignificant inter-observer variability and significant repeatability in laminar morphological measurements (Fig. 5) .
Images of the lamina cribrosa in two normal eyes of two monkeys (Fig. 4) demonstrate inter-subject variability, which is reflected in the quantification in Fig. 6 . The num- ber of pores visible in the two normal eyes is different, and this may be because of differences in optic disc structure, since more pores are visible in larger optic discs than in smaller ones. High-magnification imaging using the AOSLO allows us to image a sufficient number of pores in any given optic disc hence obviating the need to select larger optic discs as was required for previous studies. 31, 32 There was no statistical difference between any of the three measured parameters within the three normal eyes (Fig. 6) . However, close inspection suggested subtle differences between aspects of laminar morphology quantified by them. For example subject OR has, on average, larger area and nearest-neighbor distance than subject ED, but elongation is similar between the two. Also, subject OD shows a slightly larger area and elongation than subject OR, but subject OR shows a greater nearestneighbor distance than subject OD. Therefore the three parameters, although they describe morphology of the same structure, quantify different aspects of the laminar pores (Fig. 6 ). Experimental glaucoma in rhesus monkeys allows for the study of pathophysiological changes in ocular structure and a comparison with a normal fellow eye as a control. [39] [40] [41] [42] [43] Our results concur with a prior in vivo study showing increase in area and elongation of laminar pores with advancing glaucoma. 32 That study compared human subjects divided into groups of normal, mild-moderate glaucoma, and severe-end-stage glaucoma. Here we compared eyes with experimental glaucoma with their own fellow eye as a normal control, hence eliminating intersubject variability. Previous histological studies have clearly shown that with advancing glaucoma there is posterior bowing of the laminar surface. 4, 5, [13] [14] [15] [16] [17] We did not, in this study, measure position of the lamina cribrosa. We have observed, however, that greater defocus was required to visualize the laminar surface in glaucomatous eyes than in their normal fellow eyes, indicating that the laminar surface in glaucomatous eyes may be posterior compared with the laminar surface in normal fellow eyes. This difference in laminar position may contribute to a certain unknown extent to a decrease in average pore area, because if the actual size of the pores were unchanged after posterior bowing, then the measured pores would occupy a smaller area in pixels; i.e., the artifact caused by distance differences would be in the opposite direction. The observed increase in area may actually be an increase in physical size of pores or due to thinning of the laminar beam between the pores or fusion of adjacent pores. [13] [14] [15] [16] [17] Posterior bowing of the laminar surface may cause laminar pores, especially those at the periphery of the disc, to be imaged at an angle. Therefore it is possible that in some cases circular pores may be observed to be elongated. Longitudinal measures of lamina cribrosa will help to better understand such early structural changes. Longitudinal measurement of structural changes will provide important information about the nature of the stresses on the laminar surface. Such data would be beneficial to modeling studies of laminar structural changes that currently use in vitro measurements. 13, 17, 46 In any case, the morphological parameters presented here adequately reflect changes in laminar structure irrespective of whether they are direct or indirect.
The lamina cribrosa has been imaged in a primate eye with high resolution using the AOSLO, to our knowledge for the first time. Changes in area, elongation, and nearest-neighbor distance are manifestations of structural changes in the lamina associated with glaucoma. The preliminary data presented here provide the foundation for future studies of longitudinal changes in the laminar morphology associated with experimental glaucoma. For example, in studies of laminar morphological changes in experimental glaucoma, structural changes can be compared with functional measures such as electroretinography and perimetry to obtain a timeline of pathophysiological changes in glaucoma. 47 The AOSLO may be used not only in monitoring disease progression but also to assess the efficacy of therapeutic intervention in glaucoma. 48, 49 Ultimately, AOSLO may be used to detect early structural changes in the lamina cribrosa in humans with glaucoma, possibly leading to earlier interventions and hence better prognosis.
